A versatile, general way is described for the introduction of different functional groups into oligonucleotides by means of a simple linker at the 2'-position of the sugar. Nucleotide building blocks carrying lipophilic, intercalating or tertiary amino groups can be placed deliberately at any desired position of oligonucleotides by standard automated oligonucleotide synthesis. Thermal denaturation studies with these oligonucleotides reveal the following general trends: i) Modification with lipophilic n-octyl groups has little if any effect on duplex stability; a destabilizing (lipophilic) substituent is better tolerated at or near the ends than in the middle of the oligo. ii) An intercalating substituent (2-aminoanthraquinone) substantially increases duplex stability, iii) N,NDimethyl amino residues also increase duplex stability though to a smaller extent than intercalating residues, iv) Modifications at the 5'-end have a more pronounced influence on the T M than the corresponding 3'-modifications. v) Oligonucleotides modified in such a way show little or no loss in sequence specificity.
INTRODUCTION
Oligonucleotides have been shown to selectively inhibit gene expression, most commonly through interference with posttranscriptional events such as splicing and translation.
1 " 4 Translational arrest can be achieved by sterically blocking RNA-processing but induction of RNase H-mediated degradation of m-RNA by oligodeoxynucleotides and phosphorothioates has been shown in many cases to be necessary to halt expression efficiently. 1 " 5 Oligonucleotides also bear the potential of selectively inhibiting gene transcription 6 since they can be used to specifically recognize and bind to double stranded DNA. 7 Problems arising from the use of oligonucleotides for such purposes are well documented and include nucleolytic degradation 8 "" 10 (primarily by exonucleases) and inefficient cellular uptake. 10 " 12 To overcome these obstacles oligonucleotides have to be chemically modified 13 and/or delivered in a special way (e.g. use of carriers such as liposomes 14 ' 15 or nanoparticles 16 ). Modifications of oligonucleotides with lipophilic, 17 " 23 positively charged 24 and intercalating 25 " 28 residues have been demonstrated to influence cellular uptake, nuclease resistance and binding affinity. 13 We recently reported an efficient and general route for the preparation of ribonucleosides carrying a lipophilic, an intercalating or a tertiary amino group using an acetate linker attached to the 2'-hydroxyl group. 29 Here we describe the synthesis and hybridization properties of oligonucleotides containing such modified ribonucleosides.
EXPERIMENTAL

General materials and procedures
Anhydrous solvents were obtained from Fluka. HPLC grade solvents were purchased from Riedel-de Haen. Infrared spectra were recorded on a Bruker IFS 66 spectrometer.
! H-NMR were obtained on a Bruker AM-360 (360 MHz) or a Varian Gemini 200 (200 MHz). All coupling constants are given in Hz. 31 P-NMR were recorded on a Varian Gemini 200 (81 MHz) using 85% phosphoric acid as external standard. Mass spectra were measured on a VG TS 250 instrument. Preparative flash column chromatography 30 was performed using silica gel 60, 230-240 mesh, supplied by E. Merck Co. Workup stands for addition of organic solvent, washing of the organic phase with the indicated aqueous solutions followed by drying with MgSO 4 and evaporation of the organic solvent on a Buchi rotary evaporator. All reagents involved in oligonucleotide synthesis were obtained from Applied Biosystems (Foster City). Poly riboA (Boehringer; average chainlength = 5000-7000 bases), poly riboU (Boehringer; average chainlength = 500-2000 bases) and poly ribol (Pharmacia; average chainlength = 350 bases) were obtained commercially.
General method A, 4,4'-dimethoxytritylation of nucleoside derivatives
The nucleoside (1.0 mmol) was dissolved in dry pyridine (10 ml) at 0°C under an argon atmosphere. Dimethoxytrityl chloride (1.2 mmol) was added and the mixture was stirred at room temperature until all the starting material had been consumed (typically 3 hours). Methanol (0.2 ml) was added and the mixture was stirred for another 5 min. Workup (methylene chloride/ NaHCO 3 ) and column chromatography gave the desired compound.
General method B, preparation of the nucleoside phosphoramidites
To a solution of the DMT-protected nucleoside (1 mmol) and diisopropylammonium tetrazolide (0.5 mmol) in acetonitrile (30 ml) under argon at room temperature, was added cyanoethoxybis(N,N-diisopropylamino)phosphine 31 (1.05 mmol). The mixture was warmed to 35°C and stirrred for 3 hours. If necessary another 0.3 mmol of the phosphine was added and stirring was continued at 35 °C for one hour. Methanol (1 ml) was added and stirring was continued at room temperature for 5 minutes. Workup (ethyl acetate/NaHCO 3 /NaCl) and column chromatography gave the desired compounds.
5'-0-(4,4'-dimethoxytrityl)-5-methyl-2'-0-octylaminocarbonylmethyl-uridine (5a)
Nucleoside la (0.51 g, 1.20 mmol) was tritylated as described in General Method A. Column chromatography (ethyl acetate/hexane/triethyl amine, 70:30:1) afforded compound 5a (0.58 g, 67%) as a white foam. Nucleoside 5b (600 mg, 0.81 mmol) was treated as described in General Method B. Column chromatography (tert-butylmethyl ether/methanol/triethyl amine, 85:15:1) afforded compound 8b (560 mg, 73%) as a white foam (l:l-mixture of the two diastereomers). TTT  TTT  TTT TTT+ T+T+T  3 '   5' T+T+T+ TTT  TTT TTT  TTT 3'   5' T+T+T+ TTT  TTT  TTT+ T+T+T 3'   5' TTT  TTT  TTT TTT  T T|T ?   5'TjTT  TTT  TTT TTT  TTT 3'   5'TTjT  TTT  TTT  TTT  TTT  3 '   5 'TTTiTTT  TTT  TTT  TTT  3 '   5 ' Ti TjT TTT  TTT  TTT  TTT  3 '   5'TjTT  TTT  TTT  TTT  T TjT 3'   51 Tj T T  TTT  T TjT  TTT  T T;T (P R and P s )-2-cyanoethyl-N,N-diisopropyl-[5'-0-(4,4-dimethoxytrityl P s )-2-cyanoethyl-N,N-diisopropyl-{2'-0-[3-aza-9-(N,N-dimethylamino)-2-oxononyl]-5'-0-(4,4'- Oligonucleotide synthesis and purification Oligonucleotides (0.2 or 1 jtmol scale) were synthesized on an Applied Biosystems 392 DNA-RNA Synthesizer using FOD cyanoethyl phosphoramidite chemistry. 32 An RNA protocol (final DMT off) was used to allow sufficient time in the condensation step. The average coupling efficiency was between 96 and 98% for the modified building blocks according to photometric determination of the trityl signal. The oligonucleotides were deprotected using 33% aqueous ammonium hydroxide at room temperature for 16 hours. 33 RESULTS AND DISCUSSION Preparation of modified oligonucleotides Nucleosides 1-3 were prepared as reported in a previous paper. 29 Scheme 1 depicts the preparation of the fully protected building blocks. Adenine derivative 3 was protected at the exocyclic amino group with N,N-dimethyl formamide dimethyl acetal 36 giving compound 4. Standard dimethoxytritylation of 1, 2 and 4 followed by phosphorylation according to the procedure of Bannwarth and Trzeciak 31 gave the phosphoramidites 8-10 suitable for use on the automated DNA-synthesizer. All the phosphoramidites were obtained as l:l-mixtures of diastereomers. Synthesis of oligonucleotides was carried out using FOD cyanoethyl phosphoramidite chemistry. 32 For efficient coupling of the modified phosphoramidites an RNA cycle (600 s coupling time) was used. Under these conditions an average coupling yield of 96-98% was obtained with all the modified building blocks. After reverse phase HPLC-purification the modified oligonucleotides were typically obtained in 15-20% yield.
The modifications changed the properties of the oligonucleotides with regard to electrophoretic migration on polyacrylamide and retention on reverse phase material. All modified oligonucleotides show retardation on both polyacrylamide and reverse phase HPLC. The most pronounced retardation on polyacrylamide was caused by positively charged residues (see Figure la, lanes 2 and 3; cf. the unmodified d(T) 15 on lane 1) while the 2-aminoanthraquinonyl (lanes 4 and 5) and n-octyl residues (lanes 6 and 7) had a less dramatic effect. In contrast, oligos containig n-octyl (Figure lb , peaks no. 6 and 7) or 2-aminoanthraquinonyl (no. 4 and 5) groups displayed a much greater affinity to the lipophilic stationary phase of the HPLC column than the analogues with N,N-dimethylamino groups (no. 2 and 3). The effect is particularly pronouned for the oligonucleotide containing six lipophilic residues, which takes almost three times as long as the unmodified oligo to elute from the reverse phase HPLC column (no. 7).
Hybridization properties
Incorporation of modified building blocks into oligonucleotides can affect hybridization to the target strand in a number of ways. Steric interactions of substituents as well as disruption of the hydration shell can destabilize the helix. Since the 2'-OH group points into the minor groove of a double helix, substituents at this position are expected to be exposed to the minor groove, which might result in steric interactions with the sugar-phosphate backbones as well as those parts of the base pairs which lie on the surface of the helix. On the other hand intercalating substituents and positively charged groups can help to increase duplex stability by favourable base stacking and electrostatic interactions. 37 To determine the influence of the 2'-substituted nucleotides 8-10 on the hybridization properties, pentadecanucleotides were "Conditions: same as in Table 1 . ""Unmodified nucleotides are deoxyribonucleotides. 
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"Conditions: see Table 1 . ""Unmodified nucleotides are deoxyribonucleotides. prepared with modified nucleotides in various positions. The melting temperatures (TM) of a selection of oligos modified with lipophilic n-octyl residues against RNA are summarized in Table  1 . In the A-and T-series one or two lipophilic residues at the 5'-terminus or at the position next to the 3'-end 38 caused slight decreases in the T M -value (see e.g. entries 10 and 11). The destabilization was greater if the modification was moved towards the middle of the oligo (entry 4). If more than two lipophilic residues were attached to either the 5'-or the 3'-end no further decrease in the T M was observed (compare e.g. entries 11 and 12) . Surprisingly in the cytidine series multiple lipophilic residues had a positive effect on the melting temperature (entries 17 and 18). 39 The same qualitative behaviour was also seen for all oligos against deoxy-oligonucleotide 15mers as complementary strands (data not shown).
Oligonucleotides carrying positive charges 40 or anthraquinone residues generally showed increased T M 's ( Table 2 ). Multiple positive charges at the 5'-end resulted in an increase of about 1.5°C per modification (entry 22) whereas the same modifications had no substantial influence if located at the 3'-end (entry 21). As expected, anthraquinone substituted oligos were considerably stabilized compared to the unmodified oligos. An increase in the melting temperature of 7°C was observed if the intercalator was at the 5'-end (entry 25). In all other positions attachment of an intercalator resulted in an increase of approximately 5°C (entries 24 and 26). Double anthraquinone modification had a more stabilizing effect on duplex stability if the two groups were attached to both ends (T M = 50.4°C, entry 29) rather than if they were located at adjacent positions (T M = 48.4°C, entry 28). Substitution with a third intercalator (one at each end and one in the middle of the oligo) didn't result in further substantial stabilization (T M = 51.2°C, entry 30).
We next examined the influence of mismatches on the hybridization properties of modified oligonucleotides against DNA and RNA. Table 3 shows the T M -depression (AT M ) against DNA caused by a mismatch in the middle of the duplex (with oligo B) or close to the 3'-end (third base 'upstream' from the 3'-end, with oligo C). Introduction of a single mismatch in the middle of an unmodified pentadecathymidylate causes a AT M of -11.5°C (entry 31). All the modified oligos tested showed AT M 's in the same range (-9.4 to -12.6°C). Surprisingly not even multiple modification resulted in a reduced sensitivity towards a mismatch in this position (entries [34] [35] [36] . On the other hand a mismatch near the 3'-end caused less duplex destabilization with modified oligos (AT M = -2.8 to -5.0°C) than with the unmodified oligo (AT M = -7.0°C).
Similar effects on the hybridization properties of modified oligonucleotides are caused by a mismatch against RNA (Table  4) . Whereas the AT M resulting from a mismatch in the middle of the duplex is in the range of 10.4-15.9°C a slightly smaller decrease in the melting temperature resulted from a mismatch near the end of the duplex (entry 40, ATy of -8.7°C) indicating that a distinct albeit slight reduction in the sequence selectivity results from such modification.
Finally, modified building blocks were incorporated into oligonucleotides (at both ends) with mixed sequences. Melting temperatures of such oligonucleotides with different combinations of modifications are summarized in Table 5 . Although the effects are less pronounced than in the simpler cases described above, the general trends are the same. The data show that lipophilic residues are well tolerated and intercalating residues have a stabilizing influence. In this particular sequence the attachment of positively charged groups has little or no influence on duplex stability.
SUMMARY
The thermal denaturation studies described above with oligonucleotides modified at the 2'-position of one or several nucleotide building blocks reveal the following general trends: i) Modification with lipophilic n-octyl groups has little if any effect on duplex stability; a destabilizing (lipophilic) substituent is better tolerated at or near the ends than in the middle of the oligo. ii) An intercalating substituent (2-aminoanthraquinone) substantially increases duplex stability, iii) N,N-Dimethyl amino residues also increase duplex stability though to a smaller extent than intercalating residues, iv) Modifications at the 5'-end have a more pronounced influence on the T M than the corresponding 3'-modifications. v) Oligonucleotides bearing such modifications show little or no loss in sequence specificity.
In conclusion, we have demonstrated that the 2'-modified nucleotides 8-10 are valuable building blocks with considerable potential in antisense research. The synthetic strategy 41 allows the incorporation of a wide variety of modifications (intercalators, hydrophobic residues, tertiary amino groups) into oligonucleotides. Furthermore, nucleotide building blocks carrying such residues can be introduced at any position of the oligonucleotide. In particular, our data show that capping of oligos with 2'-modified building blocks, (which should ensure exonuclease stability as well as improve cellular uptake, while still allowing RNase H mediated degradation of the complementary RNA) is not only feasible, but leads in most cases to an increase in melting temperature.
